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SUMMARY
Single molecule force spectroscopy is an important technique to determine the
interaction forces between biomolecules. Atomic force microscopy (AFM) is one of
the tools used for this purpose. So far, AFMs usually use cantilevers as the force
sensors and piezoelectrics as the actuators which may have some drawbacks in terms
of speed and noise.
In this research, a micromachined membrane actuator was used in two important
types of experiments, namely the single molecule pulling and force-clamp based force
spectroscopy. These two methods permit a more direct way of probing the forces
of biomolecules, giving a detailed insight into binding potentials, and allowing the
detection of discrete unbinding forces. To improve the quality of the experiments
there is a need for high force resolution, high time resolution and increase in the
throughput.
This research focuses on using the combination of AFM and membrane based
probe structures that have electrostatic actuation capability. The membrane actua-
tors are characterized for range, dynamics, and noise to illustrate their adequacy for
these experiments and to show that the complexity they introduce does not affect the
noise level in the system.
The control system described in this thesis utilizes the novel membrane actuator
structures and integrates it into the current AFM setup. This is a very useful tool
which can be implemented on any AFM without changing its mechanical architecture.
To perform an experiment, all that is needed is to place the membrane actuator on
the AFM stage, under the imagining head, and run the control system, which was
implemented using LabVIEW.
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The system allows the user to maintain a precise and continuous control of the
force. This was demonstrated by performing a life time experiment using biomolecules.
Moreover, by slightly modifying the control scheme, the system allows us to linearize
the membrane motion, which is inherently non-linear. The feasibility of using this





Binding force is an important functional and structural parameter in many biomolecules.
This force is the result of weak noncovalent interactions which control different func-
tions in cells. Because these are weak bonds, they are likely to unbind if pulled
under any force for almost any period of time. When pulled at different speeds the
bond will resist the detachment by a range of forces [7]. In order to understand the
bond strength there is a need to understand the relation between force, lifetime, and
chemistry at the molecular level.
Force spectroscopy has been developed to allow better understanding of this re-
lation by having a closer look into the chemical energy landscape of the bond [8].
External steady ramp forces over a period of time lower the boundaries in the energy
landscape. Therefore the unbinding forces depend on the loading rates, also refereed
to as the slope of the force as a function of time. When performing the experiments
the results might contain systematic errors as a result of multiple bonds to the sub-
strate, and probe mechanics [9]. Therefore, in order to have statistically significant
data, large number of measurements at each loading rate are obtained and only the
most probable loading rate and force are used. Figure 1 illustrates how these values
are chosen.
Figure 1: Histograms fitted by Gaussian curves in order to find the probable
loading rate and force for further analysis [9].
The data collected is plotted in the form of histograms, which are usually fitted
using a Gaussian curve. The values obtained from this plot are then used for the
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loading rate analysis. Figure 2 shows a plot of different loading rates plotted against
the corresponding most frequent rupture forces, obtained from the statistical analysis
shown in Figure 1.
Figure 2: Linearization for the most probable rupture forces and their loading
rates [9].
The results are plotted on a scale of log for the different loading rates. It was shown
that there is a linear dependence of the force with respect to the log of the loading
rate [9], and therefore a straight line will best fit the resulting data pairs. This shows
that for lower loading rate the corresponding rupture force, which also decreases, will
require the use of high force resolution detection systems. On the other hand, higher
loading rates will require the system to have fast actuation capabilities. Using this
analysis a dynamic spectrum can be established for the bond strength which images
the prominent energy barriers traversed along the force-driven pathway.
The force dependency cannot be quantified by loading rate experiments only,
and it is desirable to also perform these experiments under force-clamp conditions,
which will allow a direct measurement of the unbinding and unfolding probability
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dependency on the force. Again, as in the case of the loading rate experiments, only
the most probable lifetimes will be considered for each force value. Figure 3 shows
an example for the analysis obtained from this data.
Figure 3: Lifetimes as a function of force for interactions of L-selectin and
L-selectinN138G with PSGL-1 and 6-sulfo-sLex [21].
The plot shows the lifetime dependance on force for the interactions of L-selectin
and L-selectinN138G with PSGL-1 and 6-sulfo-sLex [21]. It is very important to keep
the system at force clamped conditions at all time. Therefore, a feedback system is
needed to accommodate for any discrepancies in the force value. Again as in the case
of the loading rate measurement, when using high force values the experiments will
be done in the microsecond scale [1], and will require a fast feedback system. On the
other hand, if lower forces will be used the experiment will be in the minute scale
[34], which will require high stability.
Contributions of these experiments include the exploration of the energy land-
scapes of carbohydrate-(selectin)protein bonds [10], cooperative unbinding of short
DNA duplexes [36], homotypic bonds between cadherins [3], unfolding of Ig do-
mains in the muscle protein titin [28] and in recombinant proteins [22], and biotin-
(strept)avidin bonds [23]. The last two applications mentioned will be demonstrated
in this thesis.
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Several techniques used for these experiment include the biomembrane force probe
(BFP) [32], optical tweezers [2] magnetic beads [33], glass microneedles [18], and the
atomic force microscopy (AFM) [24, 40] which is discussed in this thesis.
As mentioned before, the AFM system is addressed in this thesis. Most of the
AFMs use a laser beam deflection systems. The laser is reflected from the back of the
reflective AFM cantilever and onto a photodiode which acts as a position-sensitive
sensor. Figure 4 illustrates this system.
Figure 4: Illustration of the laser beam deflection system.
The AFM does not measure the forces between the tip and the sample directly.
Instead, using Hook’s law given in Equation 1, the force is calculated by measuring
the deflection of the cantilever and multiplying it by the already known stiffness.
F = −kZ (1)
This value is usually specified by the cantilever manufacturer or measured using
a variety of methods [20].
The AFM has a number of applications which include contact mode, lateral force
microscopy, noncontact mode, tapping mode, force modulation, and phase imaging.
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The actuation capabilities of the AFM system are obtained through the use of a piezo-
electric actuator tube. Commercial piezo actuators tubes have a frequency bandwidth
of up to approximately 10 kHz [26], which might be problematic for different exper-
iments which require faster operation [35]. Other issues with the AFM arise due to
the cantilever probe limitation. The cantilever introduces issues such as the hydrody-
namic drag effect in fluid experiments [29], which limit the frequency response of the
cantilever and lowers the actuation bandwidth, and thermal drift [37] which creates
stability problems. To avoid some of these issues, this thesis will discuss the use of
an AFM system for force detection purposes only, while the actuation will be done
using an electrostatic membrane actuator structure. Figure 5 shows an illustration
that demonstrates how the system will be set up with a membrane actuator.
Figure 5: AFM system used with electrostatic membrane actuator structure.
This will enable the use of a broader range of actuation frequencies, but will
still be limited by the frequency response of the AFM cantilever, which is used in
these experiments for detection purposes. According to the cantilever manufacturer
(MLCT-C cantilever, Veeco), the cantilever has a frequency response of 7 kHz. This
value decreases drastically when used in fluid due to the hydrodynamic drag which
was mentioned earlier. This drag is affected by the size of the cantilever used, where
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larger cantilevers will create larger drag. Further description of the specific cantilever
used in the experiments in this thesis will be given in chapter 3.
Using the AFM system, the pulling experiment is preformed by stretching the
molecule from the tip of the cantilever, by a piezo drive, while measuring the force
on the cantilever. Figure 6 shows a record of a typical force-distance cycle caused by
the effect of antibody-antigen binding [14].
Figure 6: Detection of single antigen recognition events by a tip-antibody
sensor [14].
The antibody is brought in contact with the antigen during which binding will
occur. The binding causes an extra force signal during tip retraction, reflecting ex-
tension of the flexible connection until rupture occurs. As seen in Figure 6, and as
mentioned earlier, it is very important to have high resolution in order to detect
smaller forces. These forces are usually the result of slower loading rates. In molecule
stretching experiments, the AFM cantilever is used for the extension of molecules
such as the titin molecule to allow a closer look into the different molecule domains.
Because the force applies on the molecule changes constantly, a complex time series
of unfolding events is created resulting in a sawtooth pattern shown in Figure 7.
It is seen from the figure that the actuator has to have enough displacement to
7
Figure 7: Measurements of a single partly unfolded titin protein [22]
accommodate for full extension of the molecule. Depending on the type of molecule
used, this displacement can reach the length of approximately 400 nm [8].
In the force clamp experiments, done using the AFM system, the molecule is
stretched by a predetermined constant force. Figure 8 shows an experiment preformed
using a constant stretching force of 120 pN [30].
The force clamp experiments designed for these studies have proven problematic
due to different reasons such as drift and mechanical vibrations. Some solutions were
proven to eliminate the thermal drift [37, 41, 4], which is a significant source of drift,
but the system still encountered fluctuations in the force value.
8
Figure 8: Unfolding of ubiquitin at a constant stretching force. The ubiquitin
chains were stretched at a constant force of 120 pN (red traces) [30]
This thesis addresses the use of the AFM system combined with an electrostatic
membrane actuator for lifetime experiments in biomolecules. The electrostatic mem-
brane actuator will be characterized to demonstrate its capabilities. As shown before,
because the biomolecules lifetime depends on the stretching force on the molecules
[29], a feedback control system has to be used. This system should compensate for any
changes in the force. The control system development will be shown and explained
along with its algorithm. Lastly, the thesis demonstrates the feasibility of using this





Electrostatically-actuated membrane devices have attracted a significant amount
of attention, mainly due to their geometric simplicity and broad range of applicabil-
ity in devices such as microphones [13], ultrasonic transducers [19], valves [12], and
diaphragm pumps [12].
2.1 Structure and Operation
Electrostatic actuation (shown in Figure 9) is used by applying a voltage between the
rigid bottom electrode and the flexible top electrode embedded in the membrane.
Figure 9: Schematic of an electrostatic membrane actuator.
By applying this bias voltage, opposite charges, +Q and −Q are formed on either
side of the membrane. The membrane can therefore be modeled as a parallel plate
capacitor with a movable upper plate. This model is illustrated in Figure 10.
Figure 10: Basic illustration of an electrostatic actuator [31].
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The charges on the opposite sides of the membrane attract one another according
to coulomb’s law [31]. This attraction force is determined by the electric field set by





where A is the area of the movable plate, and ε is the permittivity of the material
in the gap between the two plates (hence ε = ε0, the permittivity of free space).
Therefore the attraction force can be expressed as the product of the electric field by








Only half the charge on the plates is taken under consideration to avoid double








Where g is the gap between the two plates, and C is the capacitance of the membrane.
The energy in the parallel plate capacitor is therefore a function of both an elec-
trical and a mechanical variables. This can be modeled using a two port capacitor
which is shown in Figure 11.
Figure 11: Voltage controlled electrostatic transducer
[31].
The energy stored in this model can be written as,





and the force and voltage can be expressed as the partial derivatives with respect to
the gap (for the force), and charge (for the voltage). This model can also be used





+ k(g0 − g) (6)
Where g0 is the gap at zero volts and k is the spring constant.
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2.2 Fabrication
The fabrication of these membranes was performed by Hamdi Torun, a PhD candidate
at the MEMS labratory at Georgia Institute of Technology. The process was done on
a 300 µm silicon wafer and used seven masks. Initially nitride was deposited on both
sides of the wafer using PECVD, to allow both the back-side etching of the silicon
wafer, and to isolate the bottom electrodes from the substrate. Mask one was used to
create the bottom electrodes, which were made of gold and were deposited using the
filament evaporator. Mask two was used to open an etching window on the back-side
of the silicon wafer. Figure 12 illustrates the wafer after the two mask process.
Figure 12: Bottom electrode deposition and back-side opening.
Positive photoresist (SC1827, Shipley) was spun on the wafer and patterned using
mask three to create a sacrificial layer for the formation of the membrane structure.
Figure 13 illustrates the membrane with the patterned sacrificial layer.
Figure 13: Sacrificial layer pattering for the membrane structure using mask
three.
Once the sacrificial layer was patterned, a layer of parylene was deposited using
CVD and patterned using mask four. This layer was used as an insulation layer
between the top and bottom electrodes. The top electrode was then sputtered using
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Aluminum and patterned using mask five in a wet-etching process. Figure 14 shows
the membrane after these steps.
Figure 14: Top electrode deposition and pattering.
A final layer of parylene was then deposited over the top electrode and patterned
using mask six. This layer insulated the top electrode from the fluid medium and
prevented issues such as electrolysis which will be discussed later in this chapter.
Mask seven was then used to open holes to the membrane connection pads trough
the parylene layer. Figure 15 illustrate the deposition and patterning of the top
parylene layer.
Figure 15: Deposition and patterning of the top parylene layer.
Once the parylene structure was complete, KOH etching was used to open the
backside venting hole, which was opened initially using mask two. Finally the pho-
toresist layer was removed and the membrane structure was released. The final mem-
brane along with the different layer thicknesses is shown in Figure 16.
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(a) (b)
Figure 16: (a) Released membrane with the different layer thicknesses. (b)
Top side image of a 500 µm diameter parylene membrane.
2.3 Characterization
As was discussed earlier, the travel distance of the membrane has to accommodate
for the full extension of the biomolecule. Therefore, when using an electrostatic
membrane actuator, the pull-in instability has to be considered due to its limitation
on the stable travel distance.
The voltage at the instability limit, also known as the “pull-in voltage”, denoted
by VPI , is due to the electrostatic force increasing more rapidly than the spring force.






It is readily shown that the pull-in occurs at a distance, denoted by gPI , and





The actuation range is therefore set from the gap height to approximately one-
third of the undeflected gap distance. This creates a limitation on the travel distance
of the membrane, and prevents the full extension of the biomolecule. A method of
increasing the actuation range will be discussed later in this chapter.
The membrane in AFM application was originally developed as a mechanical force
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sensor known as the FIRAT probe [25]. The first version of the devices use aluminum
membranes over an unsealed air cavity which made them unsuitable for biological
experiments, which are done in liquid environments. The membranes are therefore
required to be sealed in a dielectric material. A more suitable device for immersed
operation, used in the experiments discussed in this thesis, has been realized using
parylene (which is a biocompatible material) as the structural material [38]. Figure
17 shows an illustration of the parylene membrane structure
Figure 17: Illustration of the membrane actuator fabricated using parylene
for the structural membrane.
Parylene, which is a relatively soft polymer (0.25 GPa), is deposited in a CVD
under low pressure condition and at room temperature. The deposition process allows
for accurate control of the deposited film, which can be deposited on virtually any
available surface. By controlling the thickness of the membrane it is possible to adjust
its stiffness which is an important characteristic.
As seen in Figure 17 the electrodes were buried in the dielectric membrane to
electrically isolate them from the fluid medium. The backside of the membrane was
etched to reduce the damping effect and allow faster actuation rates [39].
The devices were fabricated with a gap of 2500 nm and different diameter sizes
ranges from 600 µm down to 200 µm. Figure 18 shows the measured cross section of
a 500 µm membrane device which shows that the membranes are flat.
The variety of sizes will produce membranes with a range of different spring con-
stants. These spring constants can be found experimentally using test systems such
17
Figure 18: Cross sectional profile showing a 2500 nm gap for a 500 µm
diameter parylene membrane device.
as the TI 900 TriboIndenter (by Hysitron Inc.), which is ideal for measuring the hard-
ness and elastic modulus of thin films and coatings. Figure 19 shows the results of
the measured spring constant dependance on the diameter of the membrane (shown
by the dots).
The spring constant is an important parameter for the membrane structures, de-
noted by k, which determines the membrane’s stiffness. The lumped model prediction,
which is shown in the figure, is found using Equation 9, which is the characteristic














Where h is the thickness of the diaphragm, E is the Young’s modulus, a is the
radius of the diaphragm, ν is the Poisson’s ratio, and σ is the biaxial residual stress.
The figure shows discrepancies between the model and the experimental results in
both the smaller and larger size membranes. In the smaller size membranes the
discrepancies may arise due to the fully clamped support boundary which is assumed
by the model. This assumption does not hold in the experimental results due to a
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Figure 19: Measurement of spring constant of fabricated parylene membranes
(courtesy of Hamdi Torun).
difference in thickness between the membrane’s side wall and the membrane’s actual
thickness. In the larger size membranes the discrepancies with the model may arise
due to residual stress which dominates the spring constant, and as seen in the figure,
increases the membrane’s spring constant above the values predicted by the model.
Equation 10 demonstrates how the spring constant value can be calculated at a





To avoid electrolysis issues in biological experiments (which will be discussed later
in this thesis), additional layer of parylene were deposited on the membrane. Chang-
ing the thickness of the membranes increases their stiffness and spring constant which
changes the characteristics of the membrane. Figure 20 shows the change in spring
constant value as a function of both membrane diameter and membrane thickness.
19
Figure 20: Calculated spring constant of fabricated parylene membranes.
The figure clearly shows that as the thickness of the membrane increases the stiff-
ness of the membrane increases as well. The spring constant of a 360 µm membrane,
used in the experiments discussed here, was found to be 60 N
m
after the additional
deposition of 2 µm of parylene (total thickness of 3.5 µm), which is in agreement with
Figure 20.
During the experiments that will be discussed, the force sensing cantilever was
placed above the membrane as shown in Figure 21.
Because the membrane is used as the actuator its displacement has to be controlled
at all time and should not be interfered by the cantilever which is placed above it.
Therefore, the membrane has to be significantly stiffer as compared to the cantilever.





. These values are significantly smaller than the spring constant of the
20
Figure 21: Illustration which shows the location of the cantilever with respect
to the membrane.
membrane and therefore the membrane can be considered rigid as compared to the
cantilever.
2.3.1 Static Actuation Range
As mentioned earlier, for the purposes of these experiments, it is desirable to try to
increase the range of electrostatic actuation beyond the one-third of the gap length.
By placing electrodes close to the clamped edges (see Figure 22) it is possible to
apply electrostatic force only to that specific area of the membrane. This method,
Figure 22: Membrane fabricated with only side electrodes for its bottom
electrode. The leveraged bending method allows the center of the membrane
to travel a larger distance before pull-in will occur.
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also known as the leveraged bending, allows the center of the membrane to travel a
larger distance before pull-in will occur in the electrostatically actuated portions [15].
Table 1 shows the different membrane diameters, fabricated for the experiments
discussed in this thesis, and their corresponding side electrode boundaries.
Table 1: Device Dimensions









The membrane diameter is also the outer boundary of the bottom electrode, while
the inner diameter shows the inner boundary of the electrode.
Figure 23 shows data obtained from the 360 µm membrane used in the experi-
ments.
The data illustrates the relationship between the deflection of the membrane and
the applied voltage on the membrane. As mentioned before the gap of the membrane
is approximately 2500 nm, which means that the regular limit is at 830 nm (denoted
in Figure 23 by the horizontal line). It is clearly seen that by placing the bottom
electrodes next to the support beams, it is possible to deflect the membrane beyond
the initial pull-in limit to more than two-thirds of the membrane gap.
Within this range it is possible to actuate the membrane fast since the speed is
only limited by the membrane dynamics and is not affected by the fluid. It was found
that a third order polynomial fits best to this relationship. This polynomial can be
inverted in fast pulling experiments to effectively suppress the system nonlinearity,
which is inherent in electrostatic microactuation systems.
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Figure 23: Calibration curve for the 360 µm membrane. The curve shows
the displacement of the membrane (nm) as a function of voltage. The zero
displacement value indicates the full gap of the membrane.
This nonlinearity makes the membrane control more difficult. For example, when
a voltage ramp signal is applied to the membrane, a non-linear displacement is ob-
tained as seen in Figure 23. This behavior can be explained using Equation 6 which
clearly shows that the relationship between the membrane’s voltage and membrane’s
displacement is non-linear. To effectively overcome the system nonlinearity and ob-
tain the desired system response, the polynomial fit (obtained by the membrane’s
voltage, displacement relationship) was used as a “black box” conversion tool. Figure
24 demonstrates how the “black box” conversion process was performed.
2.3.2 Dynamic Actuation
Since one of the important goals of the project is to increase actuation speed, mem-
brane dynamics are very important. Figure 25 shows the measured frequency response
of the 360 µm membrane used in the experiments.
The frequency response was obtained by biasing the membrane at 70 V , DC
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Figure 24: illustration of the “black box” conversion tool process.
voltage, and applying a +5V peak-to-peak sinusoidal signal at different frequencies.
The displacement amplitude for the different frequencies was measured using backside
diffraction-based optical interferometer [38].
Figure 25 shows a frequency response of 100 kHz in air which is a significant im-
provement to the actuation bandwidth when compared with the actuation bandwidth
possible with a typical piezoelectric actuator which ranges between 1 kHz to 2 kHz.
When the membrane is immersed in fluid the bandwidth reduced to 10 kHz, which
is also considerably larger than the typical piezoelectric actuator.
2.3.3 Non-Ideal Behavior
2.3.3.1 Electrolysis
During biological experiments the membrane is entirely immersed in a buffer medium
which is a conducting liquid. Therefore the top electrode, which is located in the
parylene structure, must be insulated from the liquid medium (in this case the pary-
lene acts as the insulating medium). This is done in order to avoid electrochemical
processes such as electrolysis which can damage uninsulated areas on the membrane.
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Figure 25: Frequency response of a 360 µm diameter membrane used in the
experiments described in these thesis [38].
Such damage can lead to failure either from a slow degradation of the actuation abil-
ity of the membrane or in some cases bubbles that will be formed on the actuator
portion of the membrane. Electrolysis is described as the decomposition of some com-
ponents in a solution by the passage of an electrical current through the solution. In
order for electrolysis to happen continuously a minimum voltage, also known as the
theoretical decomposition voltage, has to be reached. This voltage must be at least
slightly greater than 1.28 V [11]. To further avoid electrolysis in the experiments, the
top electrode, which is buried in the membrane structure, was biased to ground.
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Ideally parylene should be enough in order to avoid electrolysis but the floating
potential in the liquid medium can exceed the 1.28 V threshold, resulting in electrol-
ysis. A second layer of parylene was deposited on top of the membrane to prevent
this electrolysis.
2.3.3.2 RF Modulation
A different method of preventing electrolysis is by driving the membrane using a high
frequency modulation signal. To achieve force modulation, a sinusoidal AC force is
superimposed on the desired signal. Where the voltage applied to the membrane
will be composed of the product of the square root of the desired signal and an AC
voltage. Because the electrostatic force generated is proportional to the square of
the applied voltage, as seen in Equation 6, the final signal will be the desired signal.
Mathematically this can be shown by using an input voltage signal with a certain
frequency, denoted by V (t) which is superimposed with a high frequency AC signal,
cos(ωt). Because V (t) is proportional to the square root of the electrostatic force,√
F (t) is used instead of the voltage.











The frequency denoted ω is much larger than the frequency response of the membrane
and from the frequency of
√
F (t). Therefore, the second term which contains ω can be
neglected. The only term left is F (t)
2
Which shows that using the frequency modulation
signal it is possible to achieve the desired electrostatic force on the membrane without
the use of a DC voltage.
Figure 26 illustrates the desired membrane displacement signal (shown in 26(a)).
This signal was converted to a voltage signal, using the conversion method discussed
earlier, and superimposed with a high frequency AC signal to produce the modulated




Figure 26: (a) Original ramp signal inputted by the user. (b) Modulated
signal inputted to the membrane.
should produce the desired membrane displacement signal. Figure 27 shows a closer
look to the modulated signal shown in Figure 26.
Figure 27: Closer look of the modulated signal shown in Figure 26.
Electrolysis should not occur because the average voltage on the membrane is
approximately zero, and as mentioned earlier, in order for electrolysis to occur the
average voltage on the membrane has to be slightly larger than 1.28 V .
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CHAPTER III
EXPERIMENTAL SETUP AND CONTROL SYSTEM
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This chapter describes the different components which were used in the force
spectroscopy experiments along with a discussion on the development and operation
of the control system.
3.1 Setup Components
The experiments were performed using a Dimension 3100 AFM system which was
placed on TMC pressurized table (see Figure 28)
Figure 28: Dimension 3100 AFM system.
A 320 µm long, triangular-shaped cantilever made of silicon nitride, chromium and
gold (MLCT-C, Veeco Probes) was used as the force sensing cantilever. The spring
constant of the cantilever was approximately 0.01 N
m
and its resonant frequency was
around 7 kHz in air. Figure 29 shows the schematics along with an image of the
actual cantilever.
The cantilever was placed on a fluid cantilever carrier, using the carrier holder,
and mounted on the piezo head. Figure 30 illustrate this step.
The membrane chip containing several of the membrane structures was mounted
on a printed circuit board, also known as PCB, using epoxy material. Figure 31 shows
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(a) (b)
Figure 29: (a) Cantilever schematics. (b) MLCT-C, Veeco
cantilever (images were taken from the Veeco Probes website).
(a) (b)
Figure 30: (a) Cantilever placed on a fluid cantilever carrier using the carrier
holder. (b) Cantilever is mounted on the AFM piezo head.
the membrane chip mounted on the PCB board.
Using a wire bonder the PCB was interfaced with the membrane connection pads.
The connections to the PCB allow for an easier interface with the system’s control
panel which will be discussed later in this chapter. The PCB was then loaded onto the
AFM holder plate and placed at the sample location (see Figure 28). It is important
to note that the maximum clearance between the holder plate and AFM head is 21
mm (when the AFM head is fully retracted). Therefore, the sample thickness has to
be thinner than 21 mm. Figure 32 shows schematics of the dimensions of the holder
plate with respect to the piezo head.
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Figure 31: Membrane chip mounted on PCB.
For experimental verification of this system with biomolecules, human and anti-
human IgG molecules were used. 10-20 µl of anti-human IgG was incubated on
the membrane while 10 µl of human IgG was incubated on the AFM cantilever.
The incubation process was done over night at room temperature. The biomolecules
are required to stay in fluid at all time. Therefore, when the incubation period
was over, additional dulbecco’s phosphate buffered saline (also known as DPBS) was
added, as necessary, to ensure the biomolecules were in fluid. Because the addition
of the buffer was done after the incubation time, the molecule concentration was not
diluted. After the buffer solution was added to the sample and cantilever, to keep
the molecules in fluid at all time, the cantilever was engaged on top of the membrane
and the experiments started (see Figure 33 for an illustration).
The acquisition and the generation of the physical signals of the microcontroller
have been performed by 16-bit, National Instruments multifunction Data Acquisition
(DAQ) board (NI PCI 6229) connected to the user’s PC. The detailed specification
of this card is given in Appendix D. The DAQ card is limited in both its input
and output voltages with values in the range between -10 V to 10 V . In order to
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Figure 32: Schematic drawing illustrating the dimensions of the Dimension
3100 AFM sample stage with respect to the piezo head.
use the DAQ card to actuate the membrane, voltages above 10 V were needed (as
seen by Figure 23) , which requires the use of an additional amplifier. The DAQ
card was connected to a BNC-2110 connector box (National Instruments). A layout
schematic of the connector box is given in Appendix E. The input connector, ai0,
on the connector box was connected to the photodiode output on the signal access
modules, also known as SAM. The SAM is a device that allow access or interruption
of signals between the AFM Dimension system and its controller. Using this device
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Figure 33: The experimental system after the biomolecules were incubated
on both the cantilever and membrane. The cantilever is then engaged on top
of the membrane.
signals can be injected, tapped, and modified as they flow between the AFM detection
system and the controller.
As mentioned earlier in order to amplify the signal the output connector, ao0,
on the connector box, was connected to a E-507 Amplifier Module (HVPZT, Physik
Instrumente) which has a single-channel values of between 3 V to 1100 V output
range. The piezo amplifier was directly connected to the membrane. Figure 34
illustrates how all the devices in the experiment were connected.
For the development of the control software, National Instruments LabVIEW 8.5
was used to control the membrane using the data obtained from the AFM system.
The program also allowed the user to control the experiment by giving him an easy
to use interface access to input the different parameters.
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Figure 34: Block diagram which illustrates how all the different devices in
the control system were connected.
3.2 Drift
When designing the control system for the force spectroscopy experiments, the mo-
tion of the cantilever has to have a “fixed” relationship to the membrane. This
relationship is determined by the user, and should be maintained throughout the ex-
periment. In force-clamp experiments this relationship is determined by the force on
the biomolecule while in the loading rate experiments the relationship is determined
by the distance between the membrane and the cantilever. Figure 35 shows the drift
during an experiment over the time period of 6 minutes.
Drift might be the result of different components in the control system. These
components include cantilever drift, piezo drift, and membrane calibration shift.
• Cantilever drift - Most drift has been attributed to the asymmetric geometry
of the cantilever, which acts as a chemical and thermal bimorph. The time
course of drift is roughly exponential with a time constant of ∼70 min [4]. This
issue will have a more significant effect in low loading rate experiments and
low force force-clamp experiments, mainly because the lifetime value for the
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Figure 35: Drift during a biological experiment.
biomolecule bond, as was discussed earlier, can be larger.
• Piezo drift - To maintain high accuracy, the Dimension 3100 requires the piezo
to be calibrated every three-to-four months [6]. This shows that the piezo drift
should also be taken under consideration.
• Membrane calibration shift - This might be the result of charge build up or
membrane plastic deformation. Figure 36 shows the displacement as a function
of voltage, on the same membrane, at different times during the experiment.
The shift in calibration values is clearly shown.
Drift is therefore very important and needs to be considered mainly for the force-
clamp experiments which require constant force at all time. To avoid the drift prob-
lem, a feedback control should be used which should compare the output force from
the photodiode system with the desired value that the user inputted. The program
will compare each point in real time and compensate for the difference if needed.
This change can be done by either changing the displacement of the piezo head, or
by changing the displacement of the membrane. This system uses the cantilever as
a force prob only, and the membrane as the actuation device. Therefore, the force
will be maintained at a constant value, at all time, by changing the position of the
membrane. This will allow the program to compensate for any changes caused by
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Figure 36: Calibration curve as were taken at different period of time in the
experiment.
drift or plastic deformation of the membrane.
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3.3 Control System Development
For the experiments performed by this system a control scheme was developed to
measure and characterize the intramolecular forces. When the tip of a flexible silicon
nitride cantilever is brought in contact with the surface, random binding could occur
between the protein molecule and the tip atoms. If the other end of the molecule is
immobilized to the surface (membrane in this case), the protein can be stretched by
increasing the distance between the cantilever and the surface. Forces were measured
by detecting the deflection of the cantilever onto which the beam of a laser diode was
focused. The reflected beam illuminates a photodiode, which records a differential
signal that was fed back into the program. Using the spring constant and sensitivity of
the cantilever, which are found at the beginning of the experiment, it was possible to
convert between the photodiode output voltage (V ) to the deflection of the cantilever
tip (nm). Eventually these quantities allowed us to find the force, F (pN), on the
sample by using the spring constant of the cantilever (pN/nm) which was a given
characteristic of the cantilever.
Two control schemes were considered for this system. The first one, which in-
volved the loading rate experiments, was an open loop system. This control scheme
performed a calibration test on the membrane at the beginning of the experiment.
The calibration data was stored and then used as a conversion tool to linearize the
membrane motion for different loading rates. Figure 34, which was shown earlier in
the chapter, can be used to illustrate this control system scheme. The figure might
show a close loop system but this is only at the beginning of the experiment when
the calibration data was obtained. The voltage output to the membrane repeats itself
with no change, and therefore this can be considered as an open loop system. The ad-
vantage of using this control system over other methodologies such as signal function
generator, which can also create a continues ramp signal, is that using this control
system the user can create a complex signal which involves different loading rates.
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The second control scheme, which was designed for the force-clamp experiment, was
a closed loop (feedback loop) system which was required to maintain the force on
the biomolecule at a constant value. Figure 38 can be used to illustrate this control
system scheme.
Figure 37: Illustration of the control system used in the force-clamp experiments.
The figure shows the control feedback system incorporated as part of the computer
processing box. The feedback compares the force value, at all time, and adjust the
membrane voltage accordingly, to maintain a constant force value.
As was discussed earlier, when implementing this system for the purpose of loading
rate experiments there is no need for a feedback system, which significantly lowered
the complexity of the program. Appendix B.1 illustrates the program developed
along with its operating instructions. By specifying a displacement signal in nm, and
using the voltage-displacement relationship, the displacement values were converted
to voltage and applied to the membrane. The signal would be repeated continuously
until the user would decide to terminate it. During this time the displacement of the
cantilever (nm) was captured and stored into a .xls file. For reference purposes the
original displacement signal to the membrane was also stored on the same file.
As mentioned earlier, force-clamp experiments require a feedback system which
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add a degree of complexity to the control scheme. Figure 38 shows a flow chart
illustrating the programs algorithm for the force-clamp experiment.
Figure 38: Flow chart illustrating the programs algorithm.
The algorithm operates by going back and forth between two different states,
denoted as Step I and Step II. Initially, before going into Step I, a calibration
process is performed on the membrane in order to find its voltage (V ), displacement
(nm) relationship. This information is stored in a calibration table array and saved in
a .xls file. In pulling experiments this data can be used to linearize the membrane’s
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motion (see section 2.3.1).
The force on the molecule will be controlled from the membrane side. Because the
membrane should have the capability of negative displacement to allow the reduction
of excess force, an initial voltage will be applied to the membrane. This voltage
will be reduced when needed, to allow an upward displacement of the membrane
actuator. The membranes displacement is shown to be larger than 1000 nm (Figure
23), which corresponds to a force range of over 10,000 pN . The DAQ card does not
allow writing to two channels simultaneously, which prevent the control of the piezo
using the LabVIEW program. Instead, the process can be done manually by using
the “step up” option of the motor control, in the dimension system. The force will be
shown on the front panel of the display and can allow the user to set the force to any
inital value. The user then presses the continue button which moves the program to
the next step. In Step II the force is continuously monitored and compared with the
specified force. Any changes to the force are obtained by changing the membrane’s
voltage. This process is illustrated in Figure 39.
As seen in the figure, only the displacement of the cantilever tip, shown by the
triangular shape, is considered. The higher the position of the cantilever tip, the
higher the voltage output from the photodiode (shown in Figure 39 (a)). If the can-
tilever tip moves down, a drop in the photodiode voltage is detected (force decreases).
The membrane voltage will therefore increase, causing an increase in the membrane’s
displacement and shifting it downwards (shown in Figure 39 (b)). In the other case,
if the cantilever tip moves up, an increase in the photodiode voltage is detected (force
increases). The membrane voltage decreases, decreasing the membrane’s displace-
ment, and shifting it upwards (shown in Figure 39 (c)). In case the displacement of
the cantilever passes a threshold value, specified by the user, the program assumes a
rupture event has occurred and moves back into Step I. By doing so, it allows the
program to repeat the experiment. All of the force (pN) as a function of time (s)
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Figure 39: Illustrations to demonstrate how the feedback system operates.
Piezo is stationary and only the cantilever tip is considered (described by the
triangle shape). The membrane is shown by the rectangular surface.





To prove the control system is operating correctly, it is important to test it in
biological experiments, which will demonstrate its capability in obtaining significant
data.
4.1 Feasibility Demonstration
As was discussed previously, a modified version of the control system was used to show
its feasibility with loading rate experiments. For simplicity reasons, the experiment
was first preformed by controlling the piezo actuator instead of the membrane. Figure
40 show the result of this test run.
Figure 40: Loading rate experiments using the piezo actuator and performing the
displacement readout from the membranes backside.
The top graph shows the displacement signal to the piezo actuator while the lower
graph shows the cantilever displacement as a function of time. The figure shows
that the cantilever displacement follows the piezo displacement. The system was
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then connected to the membrane actuator to show that the conversion tool described
earlier would produce the desired membrane displacement signal. Figure 41 shows
the results of this run.
Figure 41: Loading rate experiments using the membrane actuator.
As seen in the figure, the control system used the membrane voltage-displacement
calibration curve (shown to the left side of the figure) to create a conversion function
which is denoted by the polynomial fit of the calibration graph. This conversion
function was then used to convert the desired displacement signal (top graph in
Figure 41) into the required membrane voltage (second graph from the top). The final
membrane displacement is shown at the bottom graph of the figure. The membrane
displacement shows that as the displacement values approached zero there was a
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discrepancy from the desired signal. This error arises due to mismatch in the lower
value between the polynomial fit used to describe the data and the actual data. To
avoid this problem the user can specify displacement values which will start from a
higher value and will have a better fit with the calibration data. Overall the results
show that by modifying the program, loading rate experiment can be easily run.
This thesis mainly focuses on the force-clamp experiments, and therefore this control
scheme was only demonstrated as a proof of principle.
To test the basic performance of the force clamp control system, the cantilever
was brought into direct contact with the membrane using the AFM piezo system.
This process was described earlier in this thesis. A non-zero force was obtained by
pressing on the membrane with the cantilever. To simulate force disturbances in
the system, the height of the z-piezo drive was changed manually by the user. The
voltage to the membrane was captured along with the photodiode output to analyze
the regulatory behavior of the feedback loop system. Figure 42 shows the membrane
actuation signal as applied by the DAQ card along with the force reading captured
by the photodiode.
The data obtained from the experiment was further processed and filtered using
Matlab R2008a (Simulink, Version 7.6). The results are shown in Figure 43.
The blue line in the figure shows the filtered force signal outputted by the photo-
diode. This curve shows the force between the cantilever and membrane as a function
of time, where the cantilever is in direct contact with the membrane. The force value
was initially set to 9200 pN by manually moving the z-piezo using the Dimension
AFM system. The green line shows the voltage on the membrane supplied by the
DAQ card as a function of time. The sudden peaks in the force curve are the result
of intentional force disturbances which are obtained by changing the z-piezo position
(this procedure was described earlier in this chapter). As seen by the membrane volt-
age curve, the voltage on the membrane followed the force change experienced by the
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Figure 42: Demonstration of the feedback loop system using a cantilever in
direct contact with a membrane.The force was set to 9200 pN .
cantilever. The force disturbances were immediately compensated to bring the force
back to its original value of 9200 pN . The z-piezo was tested with different values to
simulate force disturbances in both z directions. It is easily shown in the figure, that
the membrane voltage is compensated proportionally with respect to the size of the
disturbance.
Figure 44 shows the result of a similar experiment in which an additional rupture
force was being simulated. When the force disturbance exceeded a certain value
specified by the user, the program assumed a rupture event has occurred and the
feedback loop was exited.
The initial force value was set to 450 pN . Due to the large voltage change required
for compensation in the final disturbance (after ∼45 seconds) a rupture event was
identified. In this case the feedback loop was exited automatically which shows that
it was operating correctly. The force in the system can also be updated during the
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Figure 43: Filtered data of the force between the cantilever and membrane
as a function of time.
process of the experiment, as seen by Figure 45.
In this experiment the force was initially set to 100 pN , and then increased to
200 pN , 250 pN , and 350 pN . To increase the force on the biomolecule the program
increased the voltage on the membrane, as seen by the green curve in the figure.
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Figure 44: Simulation of a rupture force when testing the feedback loop.
4.2 Biological Experiments
The feasibility of this system with biomolecules was tested using human and anti-
human IgG. After the incubation period which was described in section 3.1, the
cantilever was brought into contact with the membrane using the z-piezo. After the
biomolecules were bonded together a specified force value was entered into the system
and the membrane was pulled down until the desired force was reached. Figure 46
shows the data taken from the force clamp experiment.
The top graph in the figure shows the force as a function of time. The value for
the force was set to 130 pN . Because the initial value of the force was smaller than
the specified force, an initial drop in force is shown. The graph maintains a constant
value until a rupture event occurred at around 0.9 seconds for a force of 100 pN (SET
I), and 0.37 seconds for a force of 80 pN (SET II). While the force was shown to
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Figure 45: Force value changing, by the user, during the experiment.
be maintained at a constant value, the membrane displacement graph (bottom graph
of both SET I and SET II in Figure 46) shows fluctuations in the displacements
which indicates that the force was fully compensated.
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Figure 46: Force clamp experiments using the control system described pre-
viously in this thesis.
4.3 RF Drive for Membrane Actuation
While DC voltage biases tend to break down the membrane insulation, AC voltage
signals having amplitudes higher than 75 V and frequencies of up to 600 kHz did not
result in short circuit failures. Electrolysis did not occur because the average voltage
on the membrane in the AC mode was approximately zero (during the experiment
the value was found to be -1.43 µV ). As long as the average voltage was kept under
the decomposition voltage of 1.28 V , electrolysis did not occur. The carrier frequency
needs to be larger than the membrane’s frequency response if the signal is to be
modulated completely. Figure 47 shows a modulated signal and its corresponding
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membrane displacement as captured by the AFM photodiode.
Figure 47: Modulated signal. Carrier frequency at 600 kHz.
Figure 47 shows a fully modulated signal, which demonstrates that this method
is applicable for these experiments and can be used in order to avoid electrolysis.
The carrier frequency of this signal was 600 kHz, which is considerable higher than
the frequency response of the membrane, used in the experiment, which at most has
100 kHz frequency response (as mentioned earlier). Using Figure 23, the membrane
displacement is shown to have full correlation with the membrane voltage signal.
An important issue in analyzing the experimental data was to detect the limiting
factor for force detection in this system. Therefore, the noise spectrum of all the
components in the system were measured. To noise spectrum was measured using
a spectrum analyzer (SR760, Stanford Research Systems), which was connected to
the photodiode output of the AFM system. Figure 48 shows the results of the noise
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spectrum analysis.
Figure 48: Noise spectrum of the cantilever at different positions.
The cantilever frequency response model is shown in pink. The discrepancy be-
tween the flat portion of the model with the one from the cantilever in air (blue line),
is due to the viscoelastic damping [27], which was not considered in the model. As
seen from the experimental results the cantilever noise in air is fairly similar to the
noise spectrum received during a force clamp experiment, and during the time the
cantilever was engaged on a biased membrane. Figure 49 shows a further analysis of
the system noise spectrum while using the RF modulation scheme.
The figure shows the noise spectrum of the cantilever in air, the cantilever engaged
to the membrane while the membrane is biased using the RF amplifier, the cantilever
in contact with the substrate, and the cantilever engaged to the membrane while the
membrane is not biased (although connected to the RF amplifier). This graph shows
that the noise spectrum of the cantilever in air (blue line) is similar to the other noise
spectrum from the other cantilever positions.
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Figure 49: Noise spectrum analysis of the cantilever when AC modulation
was used.
The peaks at around 1000 Hz and 2500 Hz, also identified in Figure 48, are not
shown when the cantilever is in air but are noticeable when the cantilever is engaged
to the substrate. This means that the noise at these frequencies is probably the result
of mechanical noise from the setup table.
These noise spectrum results show that the components added to the system did
not introduce any additional noise and also recognizes the cantilever as the slowest





This thesis presented the development of a control system for a membrane actu-
ator, which was used in force spectroscopy experiments. The system used both an
open loop system, which was used to demonstrate the feasibility of this system in
loading rate experiments, and a closed loop system, which was used for force-clamp
experiments. Both control schemes relayed on the AFM optical detection system to
record the forces on the biomolecule, using the cantilever as the force sensor.
In the loading rate control system, the program created a conversion tool between
the membrane’s voltage and displacement by fitting a polynomial on the membrane’s
calibration curve. This conversion tool was later on used to linearize the membrane
motion which is inherently non-linear. In the force-clamp control system, the feedback
loop monitored for any changes to the force, and compensated for them by changing
the voltage on the membrane actuator. It was shown that the complexity introduced
by this control system did not affect the noise level in the system and identified the
cantilever as the limiting factor.
Actuation system such as the bulk piezo actuator, known as the “picocube”,
demonstrated a frequency response of 10 kHz [26]. Another system which uses pho-
tothermal cantilever actuator [35], showed to have an even larger actuation bandwidth
of 12.5 kHz which was mainly limited by the frequency response of their actuator.
This system on the other hand, demonstrated an actuation bandwidth of up to 100
kHz. This difference can have a significant improvement in the response time.
Furthermore this system can be implemented on any AFM system without chang-
ing the mechanical design of the AFM system. In order to do so, the user only needs
to place the membrane devices on the AFM stage under the piezo head, and run the
control system, which was implemented using LabVIEW. This characteristic makes
this control scheme more convenient when compared with other systems which do not
hold this capability.
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Backside readout capabilities have been demonstrated before with similar mem-
brane designs [38]. By implementing this capability in this setup it is possible to
improve the feedback bandwidth of the force sensor considerable to reach the actua-
tor limit of 100 kHz.
Improvement of the system can be achieved by developing a parallel readout sys-
tem. This can significantly increase the throughput of the measurements which is







1. Specify the membrane threshold voltage in the MembTH control (maximum
voltage on the membrane) and the cantilever spring in Spring Constant.
2. Enter the desired file name for the results. The files will be stored in the folder
c : \krishna\.
Two files will be created:
(a) “name you picked” mem voltage “today’s date”.xls - stores the membrane
deflection data (displacement (nm) vs. time (s)).
(b) “name you picked” Force “today’s date”.xls - stores the results obtained
from the experiment (force (pN) vs. time (s)).
(c) “name you picked” mem cali “today’s date”.xls - stores the membrane cal-
ibration data (voltage (V ) vs. displacment (nm)). This information is also
displayed in Raw Data and Fitted Curve.
3. Specify the Cantilever maximum displacement value. This is done in order to
stop the experiment in the case were the membrane collapses before the specified
threshold value is reached.
4. Input the Cantilever Calibration value obtained from the dimension system
(also known as the cantilever sensitivity).
5. Connect the following connections on the DAQ:
(a) Connect ai0 to the photodiode output (input the cantilever displacement
in volts).
(b) Connect ao0 to the piezo amplifier (output the membrane displacement in
volts).
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6. Bring the cantilever into contact with the membrane using the dimension 3100
system.
7. Specify the Initial displacement. The membrane will be initially deflected to
allow force control in both directions.
8. Make sure both the press buttons in the program are set to off.
9. Run the program.
10. The program will give the current force value in the Force StepI, in pN .
11. By using the “pull up” and “pull down” functions on the dimension system
the user will manually set the force on the biomolecule to a value close to the
desired force.
12. The user will then specify the force in Force and the threshold force in THforce.
13. Press the continue button and keep it pressed until the force as a function of
time at the Force readout graph will be displayed. The instantaneous force will
be displayed at the Force readout indicator, in pN .
Note:
1. While running the program you can change the force value.








1. Create the desired signal using the Displacement Table. You can
specify six different values, in nm, and the program will connect
them via a straight line. This portion of the signal is shown in
the Signal Table P lot. The portion of the signal will be repeated
continuously to create the desired signal which is shown in the
Signal P lot graph. The actual signal to the membrane, in volts,
is shown in Output to Mem.
2. Input the amount of samples in this portion of the signal, ampli-
tude (this value will be multiplied by the value of each point on
the signal), sampling rate and cycles for the signal. By controlling
these values you are able to control the pulling speeds.
3. Input the readout rate in rate, and number of samples in number
of samples.
4. Enter the desired file name for the results. The data will be stored
at c : \krishna\“name you picked” output “today’s date”.xls which
will store the Photodiode displacement (nm) and the piezo dis-
placement (nm) as a function of time (V ).
5. Input the Cantilever Calibration value obtained from the dimen-
sion system (also known as the cantilever sensitivity).
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6. Connect the following connections on the DAQ:
(a) Connect ai0 to the photodiode output (input the cantilever
displacement in volts).
(b) Connect ao0 to the piezo amplifier (output the piezo displace-
ment in volts).
7. Bring the cantilever into contact with the membrane using the
dimension 3100 system.
8. Run the program.
Note:
1. While running the program you can change the force value.








1. Specify the membrane threshold voltage in the MembTH control
(maximum voltage on the membrane).
2. Enter the desired file name for the results. The files will be stored
in the folder c : \krishna\.
The file that will be created: “name you picked” mem voltage “today’s
date”.xls - stores the membrane calibration data (voltage (V ) vs.
displacment (nm)). This information is also displayed in RawData
and FittedCurve.
3. Specify the Cantilever maximum displacement value. This is done
in order to stop the experiment in the case were the membrane
collapses before the specified threshold value is reached.
4. Input the cantilever calibration value obtained from the dimension
system (also known as the cantilever sensitivity).
5. Connect the following connections on the DAQ:
(a) Connect ai0 to the photodiode output (input the cantilever
displacement in volts).
(b) Connect ao0 to the membrane (output the membrane displace-
ment in volts).
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6. Bring the cantilever into contact with the membrane using the
dimension 3100 system.
7. Run the program.
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APPENDIX D
NI PCI-6229 CARD [17]
Analog Input
Number of channels
NI 6224/6229 16 differential or 32 single ended
ADC resolution 16 bits
INL Refer to the AI Absolute Accuracy Table
Sampling Rate
Maximum
250 kS/s single channel
250 kS/s multi-channel (aggregate)
Minimum No minimum
Timing Accuracy 50 ppm of sample rate
Timing Resolution 50 ns
Input coupling DC
Input range ±10 V , ±5 V , ±1 V , ± 0.2 V
Maximum working voltage for analog
±11 V of AI GND
inputs (signal + common mode)
CMRR (DC to 60 Hz) 92 dB
Crosstalk (at 100 kHz)
Adjacent channels -75 dB
Non-adjacent channels -90 dB
Input FIFO size 4,095 samples








1 channels 833 kS/s
2 channels 740 kS/s per channel
3 channels 656 kS/s per channel
4 channels 625 kS/s per channel
Timing Accuracy 50 ppm of sample rate
Timing Resolution 50 ns
Output range ± 10 V
Output coupling DC
Output FIFO size 8,191 samples shared among channels used
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APPENDIX E
NI BNC-2110 FRONT PANEL [16]
68
APPENDIX F
E-507 HVPZT AMPLIFIER MODULES (COURTESY OF
PHYSIK INSTRUMENTE)
F.1 Frequency Response
Frequency response with various PZT loads. Values shown are ca-
pacitance in nF measured in actual PZT.
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